Probe-based confocal microscopy (pCLE) is actively being investigated for applications in the esophagus and stomach. The use of pCLE allows real-time in vivo microscopy to evaluate the microarchitecture of the mucosal epithelium. pCLE appears to be particularly useful in identifying mucosal dysplasia and early malignancies that cannot be clearly distinguished using high-definition white light endoscopy, chromoendoscopy, or magnification endoscopy. In addition, the ability to detect dysplastic tissue in real-time may shift the current screening practice from random biopsy to targeted biopsy of esophageal and gastric cancers and their precursor lesions. We will review the use of pCLE for detection and surveillance of upper gastrointestinal early luminal malignancy.
INTRODUCTION
The endoscopic use of confocal microscopy for in vivo diagnosis is a relatively new application of a previously ex vivo technology. 1 Probe catheters range in size from 0.9-to 2.5-mm allowing their use through any endoscope with a 10 Fr working channel. With a video frame rate of 12 frames per second, probe-based confocal microscopy (pCLE) provides in vivo imaging of capillary flow and real-time microscopic scanning ability. The resolution is approximately 1 µm and 240 to 600 µm field of view. 2, 3 A contrast agent, typically intravenous fluorescein, is administered to highlight the connective tissue of the lamina propria and the vascular rich epithelium. Mucin containing goblet cells remain dark, as does neoplastic tissue. 3, 4 This contrast effect is present 10 minutes after administration and lasts up to 45 minutes. 5 Fluorescein has long been used for ophthalmologic indications and its safety has recently been confirmed for use as a contrast agent in the gastrointestinal tract. 6 Due to the small field of view and high magnification, optimal image acquisition is highly dependent on proper positioning. The best images are obtained with the probe perpendicular to the mucosa. Some operators have found benefit from the use of a clear 4-mm cap placed on the tip of the endoscope, as this allows gentle suctioning to keep the probe in place. 3 Imaging is best done before biopsy or resection, as bleeding can obscure imaging due to fluorescein leakage.
CONFOCAL MICROSCOPY IN BARRETT ESOPHAGUS
The current method for surveillance of Barrett esophagus (BE) is both time consuming and expensive. Targeted biopsies of endoscopically visible lesions are then followed by four-quadrant biopsies-every 1 cm for dysplastic BE and every 2 cm for nondysplastic BE. Society guidelines recommend endoscopic surveillance of all patients with established BE. 7, 8 However, adherence rates to surveillance biopsy guidelines have been reported to be as low as 51% in the community setting. 9 Therefore, a method that improves the efficiency (cost and time) of performing endoscopic surveillance in patients with BE would have a positive impact on the management of patients with BE from both a clinical and economic standpoints.
Probe-based confocal laser endomicroscopy is currently used in clinical trials as a tool for BE imaging. The Miami criteria for differentiating nondysplastic BE from dysplastic BE and adenocarcinoma was proposed in 2011. 3 Normal squa-mous epithelium is defined as flat cells without crypts or villi, with bright vessels found within papillae (Fig. 1A) . Nondysplastic BE has a uniform villiform architecture and columnar cells interspersed with dark goblet cells (Fig. 1B) . High-grade dysplasia (HGD) retains a villiform structure but has dark, irregularly thickened epithelial borders, and dilated irregular vessels (Fig. 1C) . In contrast, adenocarcinoma has disorganized or absent villiform structure, multiple dark columnar cells, and dilated irregular vessels (Fig. 1D ). This classification was recently validated and notably, after a short formal training session, there was high interobserver agreement and accuracy between experts and recent trainees. 10 Current screening and surveillance protocols rely on biopsy to differentiate BE, dysplastic BE, and adenocarcinoma. This requires endoscopists to carefully document biopsy location and, once the pathology returns dysplastic, the patient must return for endoscopic ablation. The use of pCLE theoretically will allow surveillance of a greater number of locations, reduce the total number of biopsies taken, and increase the yield of biopsy for dysplasia or cancer. Two studies have recently demonstrated the potential feasibility of this approach (Table 1) . Bajbouj et al. 11 reported their experience with 68 patients undergoing BE surveillance. Six hundred and seventy biopsies were performed and 11 patients (16%) had HGD or esophageal cancer (EC) found in 58 biopsies. In this study, onsite analysis and blinded review of pCLE images were performed. The specificity and negative predictive value of pCLE in excluding neoplasia was 0.97 (90% confidence interval [CI], 0.95 to 0.98) and 0.93 (90% CI, 0.91 to 0.95), which had little change in blinded evaluation with specificity of 0.95 (90% CI, 0.90 to 0.98) and a negative predictive value of 0.97 (90% CI, 0.95 to 0.98). A randomized multicenter trial using pCLE in BE demonstrated pCLE to be superior to high-definition white light (HDWL) endoscopy for detection of BE HGD. The investigators looked at the use of pCLE, HDWL, and narrow band imaging (NBI) in 101 patients, 31 of whom had EC (31%), who had a total of 874 biopsies performed. If biopsies were only taken in patients with abnormalities de- tected on any one of the three imaging modalities, 39% of patients could forgo biopsy without missing HGD or EC. 12 These studies indicate that pCLE could decrease biopsy use, and given the high negative predictive value, provide increased reassurance for patients with negative tests.
Another area that pCLE has potential to impact management of patients with BE is in patients undergoing ablative therapy. Ablative therapy is now recommended for patients with BE with flat HGD.
1 Patients often require between 2 and 10 ablation sessions to obtain remission. 13, 14 Probe-based CLE may play a role guiding therapy before ablation, during ablation sessions, and in the lifelong screening following these sessions. A multicenter randomized clinical trial comparing HDWL endoscopy to HDWL+pCLE in the detection of residual BE in patients who have had ablative therapy was recently performed, however was halted early due to a higher rate of residual Barrett's in both treatment arms. 15 Further study is needed to determine the utility of pCLE in differentiating mucosa after ablative therapy. If feasible, given the rise in ablative therapy for BE, pCLE may develop a greater role in guiding and assessing therapy.
CONFOCAL MICROSCOPY FOR ASSESSMENT OF GASTRIC INTESTINAL METAPLASIA, DYSPLASIA, AND CANCER
The potential applications for using pCLE in the stomach are similar to that of the esophagus, especially in populations with a high incidence of gastric cancer. The current method for endoscopic gastric cancer screening typically involves a careful visual examination with white light endoscopy, targeted biopsies of endoscopically visible lesions, and then random biopsies in various regions of the stomach (antrum, body, and incisura). As with Barrett's screening and surveillence, this approach is both time consuming and expensive. Furthermore, the large surface area of the stomach means this approach is even more prone to undersampling of abnormal tissue and oversampling of normal tissue. The use of chromoendoscopy, NBI, or other digital enhancement techniques has increased the accuracy of detecting gastric intestinal metaplasia (GIM) and early gastric cancer (EGC); however, these techniques are limited by significant interobserver variability. [12] [13] [14] [15] [16] [17] [18] [19] Moreover, while these modalities have increased the sensitivity and specificity of biopsy screening, no study has demonstrated the ability to accurately diagnose dysplasia or GIM-the known precursor lesions for gastric adenocarcinoma. As such, suspicious areas still require biopsy to confirm the presence of GIM or EGC and no studies have demonstrated the ability to accurately diagnose dysplasia.
The use of pCLE is currently under investigation for the in vivo diagnosis of GIM, dysplasia, and EGC. Fig. 2 demonstrates pCLE images of normal gastric mucosa, GIM, gastric HGD, and EGC. In a recent study, pCLE performed before endoscopic resection of superficial gastric neoplasia was compared to conventional endoscopic biopsy. pCLE had significantly improved agreement over conventional biopsy for the diagnosis of adenocarcinoma (κ=0.824 vs. κ=0.617; p<0.001) and an accuracy of 91.7% compared to 85.2% for conventional biopsy (p=0.065). 20 Guo et al. 19 additionally demonstrated 98% sensitivity and 95% specificity for GIM using confocal microscopy. Notably, the learning curve for pCLE detection of GIM is short, typically obtaining acceptable intraobserver agreement with 1 to 2 hours of training. 21 Yet to be explored is whether pCLE can improve the diagnosis of dysplasia following gastric endoscopic mucosal resection or endoscopic submucosal resection.
Similar to the applications in BE, pCLE has the potential to identify dysplasia and EGC in vivo to increase the yield of bi- 
CONCLUSIONS
Probe-based CLE is a promising technology with several potential applications in the management of patients with BE and GIM. One of the limitations to pCLE guided biopsy has been ensuring the visualized mucosa is sampled. Currently in development are biopsy forceps that open around the tip of the probe and extend out to directly capture the visualized mucosa. Also in development are novel contrast agents and other molecular probes for improving diagnostic accuracy. 22 Studies have demonstrated the ability of pCLE to diagnose dysplasia while reducing the total number of biopsies. 6 However, in order to achieve wider adoption of this technology, further studies will need to be performed to demonstrate that the strategy of targeted biopsies based on pCLE findings is as accurate as conventional biopsy and cost-effective in community practice. In addition, the role of pCLE in guiding therapy warrants further investigation. 
